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Abstract 
Braided (McKibben) artificial muscles are one of the most attractive biomimetic actuators since 
they exhibit similar static and dynamic performance to skeletal muscles. One disadvantage of 
these systems, when intended for portable applications, is the need for a compressor or pump 
to provide pressurised fluid for muscle activation. An alternative is to use an expandable 
material, such as a hydrogel. This work investigates the development of hydrogel-based braided 
artificial muscles which can produce mechanical work through controlled hydrogel swelling in 
the presence of water. Hydrogel bead-filled braided meshes were prepared where no internal 
bladder was needed; since the bead size was larger than the holes in the braided mesh. A spring 
test method was introduced to measure force generation and strain developed by the braided 
mesh when the thermo-responsive gel was cooled from 60°C to 5-8°C. Reducing the 
temperature resulted in hydrogel swelling and braided mesh length contraction due to the 
internal pressure generated. Blocked forces and actuation free strokes of 5-6 N and 7-8% were 
observed, respectively. A long response time was the limiting factor of these actuators due to 
the slow diffusion properties of the hydrogel.  
Keywords: artificial muscle, braided actuator, hydrogel bead, actuation stroke 
 
1. Introduction  
Artificial muscles are devices or materials which can 
reversibly contract, expand, or rotate when acted upon by an 
external stimulus such as electricity, pH, pressure, magnetic 
field or temperature [1] . In recent years, significant advances 
have been made in artificial muscles and their potential to 
make sophisticated biologically inspired systems [2-6] . This 
technology has many prospective future applications in 
industry, medicine, robotics and many other fields [3, 7-10]. 
McKibben muscles are a popular type of artificial muscle 
due to their similarity in performance to biological muscles as 
well as their high actuation force per mass [11-13]. These 
systems use an inflatable bladder that operates against an 
external braid such that pressurisation of the bladder causes a 
contraction in braid length. Typically, air pressure is used to 
make pneumatic artificial muscle (PAMs). Alternatively, 
hydrogen gas pressure in the metal hydrate reactors can also 
be used to drive the PAMs [14, 15].    
Recently, hydraulic McKibben muscles (HAMs) have been 
introduced as a new generation of these muscles operated by 
pressurised water or oil [16-19]. Both of these muscles display 
lightweight, high force capability, low static friction, and 
compliance. Nonetheless, these artificial muscles show some 
disadvantages, for instance, the requirement of a separate 
mechanical air compressor or fluid pump, a noisy system due 
to exhaust during depressurisation, and a heavy system to 
carry for portable applications such as wearable systems or 
mobile robots [20]. Several attempts have been made to 
replace the fluid pressure with chemo-sensitive materials to 
overcome those disadvantages. For example, a new type of 
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McKibben muscle has been introduced by replacing air with 
pH-sensitive hydrogel spheres with a pump alternatively 
delivering acidic or basic solutions to cause gel swelling and 
de-swelling. These muscles offer reasonable performances; 
however, they suffer from a long response time (>30 min) [21] 
and still require an external pump. Another attempt has been 
made with braids filled with dry hydrogel powder or cylinders, 
where immersion in water was used for gel swelling [22] . 
These muscles generated useful forces and displacements, but 
with problems of reversibility and repeatability.  
In this work,  the use of a thermally-responsive hydrogel is 
investigated as a means for reversibly controlling the pressure 
applied to a braided muscle. These gel-filled muscles (GFMs) 
were tested by immersing in hot and cold water baths with 
temperatures above and below the hydrogel’s lower critical 
solution temperature (LCST) of 32-34°C. A custom-
developed test method is also proposed where the gel bead-
filled muscle was loaded against an extension spring in series. 
This simple method enabled the determination of both the 
blocked force and free stroke of the muscle as a result of gel 
swelling. Alginate/PNIPAAm ionic–covalent entanglement 
(ICE) hydrogel beads were synthesised to use in the muscles 
by incrementally varying the NIPAAm concentration from 1.5 
to 2.5 w/v%.  
2. Experimental   
2.1 Materials  
N, N’-bismethylene acrylamide (MBAA) crosslinker, 
alginic acid sodium salt (SA), calcium chloride (CaCl2), and 
N, N, N´, N´-tetramethylethylene diamine (TEMED) were 
purchased from Sigma Aldrich, Australia. Similar grade N-
isopropylacrylamide (NIPAAm) were obtained from two 
different sources, Sigma Aldrich, Australia and Wako Pure 
Chemical Industries Ltd., China. Ammonium persulfate 
(APS) was supplied by Ajax Fine Chem, Australia. 
Cylindrical braids (poly phenylene sulphide, PPS) were 
purchased from JDD TECH Company, China. All materials 
were used as-received, and all solutions were prepared using 
Milli-Q water (resistivity = 18.2 Ω cm). 
2.2 Preparation of hydrogel bead 
Hydrogel beads were prepared from ICE gels, using 
ionically crosslinked alginate with an interpenetrating 
PNIPAAm covalent network, as follows. Firstly, calcium 
alginate beads were synthesized by a dripping method; drops 
of alginate solution (1.9 wt% in water) were dripped through 
a nozzle of hand-held airbrush (Aztek A4709) into an aqueous 
CaCl2 solution (1.1 wt%). These parameters were chosen 
following a series of optimisation experiments using different 
chemical compositions for preparing the ICE hydrogel beads 
in terms of their swelling capability and Young’s modulus in 
both the hot and cold environments. The attained calcium 
alginate beads were left to stand in the CaCl2 solution for 24 
h. Next, the calcium alginate beads were immersed in 10 mL 
of a buffer solution containing NIPAAm monomer (1.5–2.5 
wt%), N, N'-methylenebisacrylamide (MBAA,crosslinker, 
0.2–0.6 wt%), ammonium persulfate (APS, initiator, 0.1 wt%) 
and CaCl2 (1.1 wt %). The solution was then degassed for 1 
hour at 0°C using N2. Later, the calcium alginate beads were 
collected, excess surface water was removed through wiping, 
and the beads were redispersed in cyclohexane (10 mL). By 
adding tetramethylethylenediamine (TEMED) (300 μL 10% 
v/v solution) to the cyclohexane, polymerization was initiated 
inside the beads and continued for 24 hours at 4°C. The beads 
were separated after polymerization from the cyclohexane and 
washed several times with water. Finally, the beads were 
stored in water at 4°C. 
2.3 Swelling   
The swelling ratio of the ICE hydrogels in water was 
determined at 22°C by measuring the change in weight. The 
hydrogels were initially immersed in water for 72 hours and 




× 100%    (1) 
Here, 𝑤𝐷 is the weight of dry hydrogel and 𝑤𝑆 is the weight 
of swollen hydrogel. Samples were dried by placing under a 
fume hood at 22°C for 72 hours. 
2.4 Thermo-responsive gel actuation 
The actuation of ICE hydrogels in water was stimulated by 
cycling the temperature between 5°C and 60°C. The ICE 
hydrogels were immersed in water at 60°C and then at 5°C for 
1 hour each. The swelling ratio of the PNIPAAm hydrogels in 
water was determined during actuation by measuring the 
change in volume using a macroscope (Leica Macroscope Z-
16, Leica Microsystems, Germany) in tandem with Leica 
Application Suite software. The volumetric swelling ratios, 𝑉, 




× 100%    (2) 
Here, V is the volumetric swelling ratio of a bead with respect 
to the initial volume at 60°C (𝑣ℎ𝑜𝑡) where 𝑣𝑐𝑜𝑙𝑑  is the volume 
at 5°C.  
2.5 Fabrication of Gel Filled Muscle 
Figure 1 shows the fabrication process of gel bead filled 
braided muscle. First, 631 mg of dried hydrogel beads were  
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Figure 1. (a) Schematic illustration of the fabrication of gel-filled muscle. (b) An actual photograph of as-fabricated muscle. Inset showing 
a micrograph of the braid surface. 
inserted into a braided sleeve (polyphenylene sulfide, PPS), 
and both ends of the muscle were blocked to prevent bead 
escape when the muscle was immersed in a water bath. The 
initial, unloaded length and diameter of the muscles 
equilibrated in 60°C water were 47 and 6.5 mm, respectively.  
2.6 Experimental set-up for Gel Filled Muscle 
An in-house experimental set-up was designed to measure 
force, displacement and stiffness of gel-filled muscle. A 
beaker (250 mL), the gel bead-filled muscle, a thermocouple 
and a laser displacement detector were used together, as in 
figure 2. An e-Corder data logger (ED 410, e-DAQ) was used 
to process the signals from the laser detector and 
thermocouple. A range of spring lengths (11 to 55 mm) with 
different spring constants (102 to 1020 N/m) was used to 
conduct the tests. One end of the spring was firmly fixed to a 
rigid support of the test set-up while other end was attached to 
the gel bead filled muscle in series. 
 
Figure 2. Schematic illustration of the actuation test set-up 
developed in-house. 
A hot plate and ice were used to maintain the temperature 
of the water bath at the hot and cold states, respectively. The 
gel-filled muscle was attached to a spring and immersed in hot 
water at 60°C, and then the hot water was exchanged for cold 
water of 8°C for 2 hours duration. During this period, the 
length change was recorded. 
Free strain obtained from the experiments was utilized to 
calculate the relevant force generation from Hooke’s law [23]: 
𝐹 = 𝑘𝑋     (3) 
Here, 𝑘 is a constant characteristic factor of the spring 
related to its stiffness and 𝑋 is the muscle displacement which 
was kept comparatively small compared to the total possible 
deformation of the spring. Spring stiffness, 𝑘 was measured 
by using Hooke’s Law [23]: 
𝐹𝑆 = 𝑘𝑥𝑠     (4) 
Here, 𝐹𝑆 is the required force to extend the spring and 𝑥𝑠 is 
the extension of the spring. For this experiment, one side of 
the spring was fixed to the clamp while the other side attached 
to the weight holder. Upon increasing weight load, the 
extension of the spring was found from the data logger (ED 
410, e-DAQ) software. Eventually, 𝑘 is measured by the slope 
of the force (applied load) vs spring extension curve.  
3. Results and discussion  
3.1 Morphology  
Figure 3 shows microscopic images of a typical ICE 
hydrogel beads (2.5% NIPAAm concentration) at 22°C, 60°C 
and 5°C. Comparison of the hydrogel beads from dry to the 
swollen state in the water at 22°C shows that the gel volume 
expanded by the water swelling at this temperature, which is 
well below the PNIPAAm phase transition temperature [24]. 
Heating in a 60°C water bath caused the gel to de-swell 
significantly, although the volume is still much larger than in 
the dry state. The optical view of the hydrogel in the swollen 
state below the transition temperature (22°C and 5°C) is 
transparent and opaque when de-swollen at 60°C.  
The Amount of hydrogel swelling by absorption of water is 
determined by a balance of the osmotic forces that extend the 
polymer network and the opposing elastic forces obtained 
from the stretched polymer segments. To examine the 
potential for thermally driven actuation, the hydrogels were 
equilibrated at different temperatures of 60°C and 5°C which  
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Figure 3. Microscopic images of a typical ICE hydrogel bead in the dry state and when swollen in the water at 22°C, 60°C and 5°C. 
were well above and well below the transition region of 32-
34°C. Reversible swelling and de-swelling behaviour were 
confirmed in the ICE hydrogels prepared in this study. In all 
cases, the diameter of the hydrogels, when equilibrated at 
temperatures below (22°C or 5°C) the LCST of PNIPAAm, 
was larger than that of the diameter of the same gels when 
equilibrated at 60°C, as depicted in figure 3. The optical colour 
of the hydrogel was also changed from opaque to transparent 
as temperature changes from above to below the LCST. At the 
temperatures above the LCST, the beads become opaque by 
the squeezing out of the water molecules from the hydrogel 
which causes an internal density inhomogeneity which 
scatters visible light [25]. 
3.2 Characteristic properties of ionic- covalent 
entanglement hydrogel  
In order to examine the actuation of hydrogel bead, the 
swelling ratio was monitored as a function of NIPAAm 
concentration at different temperatures. Figure 4 shows the 
swelling ratio of ICE hydrogels at different temperature 
conditions. Figure 4(a) shows that the weight-based swelling 
ratio of ICE hydrogel when equilibrated in room temperature 
water and when prepared at different PNIPAAm 
concentrations of 1.5, 1.7, 2.1, and 2.5 w/v%. The gel swelling 
ratio increased with the increase of NIPAAm concentration 
used to prepare the ICE hydrogels. The increasing NIPAAm 
concentration leads to the increased swelling ratio of ICE 
hydrogel when these gels were equilibrated in the water below 
the LCST.  Typically, the equilibrium swelling ratio of the 
hydrogel is controlled by the crosslink density and that the 
crosslink density of hydrogel is determined by the molar ratio 
of PNIPAAm monomer to MBAA crosslinker [26]. The 
MBAA crosslinker concentration was kept constant in the 
monomer solution so that the ratio of NIPAAm monomer to 
MBAA crosslinker increased as the concentration of NIPAAm 
increased. A lower crosslink density is expected as the 
monomer to crosslinker ratio increased. 
To evaluate the NIPAAm concentration of ICE hydrogels for 
thermally induced actuation, swelling ratios were also 
determined at temperatures well above (60°C) and well below 
(5°C) the swelling transition temperature. The swelling was 
obtained for each of the ICE hydrogels, as shown in figure 
4(b). The swelling ratio was determined by measuring the 
volume change of the hydrogel at 5°C based on the minimum 
gel volume at 60°C. An opposite trend of the swelling ratio 
with NIPAAm concentration was found for these hydrogels at 
the two temperatures. At 60°C, the volumetric swelling ratio 
decreased with increasing NIPAAm concentration; while at 
5°C, the swelling ratio increased with increasing NIPAAm 
concentration. This could be possible due to the degree of 
swelling in the hydrogel is controlled by the increased amount 
of NIPAAm concentration in the crosslinked network leading 
to enhanced water uptake triggered by the temperature 
sensitivity of NIPAAm at lower LCST (5°C). The decreasing 
swelling ratio at 60°C was caused by the high thermo-
responsive characteristic of the highly concentrated NIPAAm 
gel. As the preferred temperature for the actuation was higher 
than the PNIPAAm thermal transition, therefore hydrogel was 
speedily heated and generated rapid actuation at higher 
NIPAAm content. Since the hydrogel filled braided muscles 
will be stimulated by changing the temperature through the 
transition region, the hydrogels prepared with different 
PNIPAAm concentrations are likely to show different 
actuation behaviour as a result of the significant changes in 
swelling, as shown in figure 4(b). 
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Figure 4. (a) The weight-based water content of ICE hydrogel beads at varying PNIPAAm concentrations and after equilibrating in the water 
at 22C. (b) The volumetric swelling ratios of thermally induced ICE hydrogel beads with different NIPAAm concentration and when cooled 
from 60°C to 5°C.  
Figure 5 illustrates Young’s moduli of the ICE hydrogels 
prepared with different NIPAAm concentrations and tested 
after equilibrating in the water at 60°C and 5°C. As shown in 
the figure, the increasing NIPAAm concentration caused an 
increase in Young’s modulus of the hydrogel when 
equilibrated and tested at 60°C.  
 
Figure 5. Average Young’s modulus of ICE hydrogel obtained at 
60°C and 5°C having NIPAAm concentration of 1.5, 1.7, 2.1, and 2.5 
w/v %. 
In contrast, there was a decreasing trend in Young’s 
modulus with increasing PNIPAAm concentration when the 
hydrogels were equilibrated and tested at 5°C. Because the 
modulus of hydrogels is also determined by the crosslink 
density and degree of swelling as the modulus is determined 
by the concentration of network chains [25, 27]. With 
increasing NIPAAm monomer, the crosslink density of the 
hydrogels decreased, which corresponds to a decreasing 
Young’s modulus for hydrogels below LCST. For the 
hydrogels above LCST, the modulus was strongly affected by 
the degree of swelling with samples of a higher NIPAAm 
concentration having a higher modulus due to their reduced 
swelling. For further experimental observation, 2.5 wt.% 
NIPAAm was chosen to verify the theoretically calculated 
blocked force as a function of time due to these findings. 
3.3 Actuation results of gel filled muscle 
Time based actuation response of artificial muscles is 
important to evaluate the dynamic output that a muscle can 
demonstrate. Figure 6 illustrates the actuation test results of 
four different GFMs prepared using ICE gel beads with 
varying NIPAAm monomer concentrations and with the test 
conducted by using six springs with different spring constants 
(stiffness of the springs decreased in numerical order with 
Spring 6 being the stiffest and Spring 1 being the least stiff). 
Table 1 shows the length of the springs used together with 
relevant spring constants.  
Table 1 Dimension and the stiffnesses of the springs.  




1 11 102 
2 16 220 
3 23 375 
4 29 565 
5 34 712 
6 55 1020 
In all cases, it was observed that the higher the spring 
constant, the lower was the displacement of the muscle when 
the gel volume transition was stimulated by decreasing the 
water bath temperature from above to below the LCST. 
Moreover, it was also observed that GFMs prepared with 
higher NIPAAm concentrations exhibited a greater 
displacement when operated against a given spring. Overall, 
the slow response time was apparent for GFM in each case, 
demonstrating a limitation of muscle feasibility in certain 
practical applications.  
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Figure 6. Contractile length displacement during cooling from 60oC to 8oC as a function of time for GFMs having unloaded length of 47mm 
each tested against 6 different springs. A series of GFMs were investigated that were prepared with different NIPAAm compositions of (a) 
1.5 w/v%, (b) 1.7 w/v%, (c) 2.1 w/v%, and (d) 2.5 w/v%. All samples were first equilibrated in a water bath at 60oC and then immersed in a 
water bath at 8°C, at time = 0 seconds. 
Figure 7(a) illustrates the force (calculated from equation 
2.3) as a function of stroke for gel-bead filled GFM fabricated 
using different NIPAAm concentrations and each tested with 
six different springs. A linear relationship was seen for each 
gel type when the results were plotted as the force generated 
versus displacement. These results were extrapolated to both 
force and displacement axes to predict the amount of blocked 
force and free stroke that can be generated by each muscle. 
Again, it was confirmed that increasing the amount of 
NIPAAm in the gel beads generated more force and more 
displacement. At the maximum NIPAAm concentration, the 
GFM generated an estimated blocked force of 5.1 N, which 
corresponded to blocked stress of 0.04 MPa when normalised 
to the unloaded cross-sectional area of the muscle. A separate 
experimental observation was made using a mechanical tester 
to verify the blocked force that was theoretically calculated 
from the data in figure 7(a). Figure 7(b) shows 2 cool/heat 
cycles of isometric force generation as a function of time from 
gel-bead filled GFM containing 2.5 w/v% NIPAAm 
concentration. As shown in the first cycle, fully reversible 
force generation with ~5.14 N blocked force was obtained 
which shows very good agreement with the calculated value 
of ~5.1 N obtained by extrapolation of the spring data. The 
second cycle was conducted in a 3-step process where cold 
water was introduced in the first step, then replaced by room 
temperature water, and finally changed to hot water. This 
process also showed very similar force generation in cold 
condition but demonstrated significant stress relaxation at 
room temperature. Introducing hot water assisted the muscle 
to release all the generated force and concluded a fully 
reversible actuation cycle.  It has been observed that the force 
generation at the cold temperature was much slower than the 
force release at a hot temperature. The swelling behaviour of 
the hydrogel is actively controlled by the diffusion of the water 
which is related to the relaxation of the polymer chains. At 
higher temperatures, the polymeric network of PNIPAAm 
contracts readily and actively squeezes to release the water. At 
lower temperature, the relaxation of the polymer chain takes a 
longer time to unfold and accommodate the swelling [28, 29].  
The maximum free strain obtained from the GFMs was 
7.66% based on the unloaded length. The free strain increased 
with increasing NIPAAm concentration used to prepare the 
ICE gel beads. This study has demonstrated that GFMs exhibit 
significant force generation capability and significant 
contractile actuation when cooled from above LCST to below 
LCST. The actuation was reversible through multiple cold/hot 
cycles.
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Figure 7. (a) Force-displacement curves for GFM with different NIPAAm compositions each tested with 6 different springs (each data point 
represents a particular spring). The slope of the dotted line represents the stiffness of the GFM at 8°C temperature. (b) Force generation 
hydrogel (2.5 w/v% NIPAAm concentration) beads GFM as a function of time and when immersed in cold, hot, or normal water baths at the 
times indicated
The effect of GFM dimension on the actuation properties 
were also evaluated by using the muscles of different diameter 
(5 mm and 6 mm) but keeping the length consistent (47 mm) 
to the previously used 6.5 mm-diameter sample. The 
NIPAAm concentration was 2.5% in all cases and the amount 
of gel loading in the 5-mm and 6-mm diameter were 485 and 
582 mg, respectively. The packing fraction of dry gel in the 
braids varied slightly from 0.53 mg/mm3 to 0.44 mg/mm3 to 
0.41 mg/mm3 as the braid diameter increased from 5 mm to 6 
mm to 6.5 mm. The force-displacement results were produced 
against springs 1-6 and compared to that of similarly 
composed muscle having 6.5-mm diameter (Figure 8). The 
results clearly demonstrate that the ability of the different 
diameter GFMs to produce force and displacement increased 
with increasing muscle diameter.  
This phenomenon can be better explained by considering 
the blocked stress normalised by the gel packing factor. Table 
2 shows the parameters that contributed to the final blocked 
stress. Once the different gel contents were considered, there 
was little difference in the stress generated by the GFMs 
having different diameters. 
 
Figure 8. Force-displacement curves for GFM of different diameter 
each tested with 6 different springs. The slope of the dotted line 
represents the stiffness of the GFM at 8°C temperature. 
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Blocked stress / Packing 
factor (MPa.mm3/mg) 
5 922.8 485 0.53 4 0.20 0.39 
6 1328.9 582 0.44 4.95 0.18 0.40 
6.5 1559.6 631 0.40 5.1 0.15 0.38 
3.4 Theoretical analysis of actuation results  
Theoretical understanding of the blocked force generated 
from GFMs can be obtained by calculating the pressure 
generated by the swelling gel when the temperature changed 
from 60°C to 5°C. This pressure is first calculated from the 
measured blocked force according to theory reviewed by 
Tondu [30] for McKibben muscles and based on the principle 
of virtual work. For an ideal cylindrical McKibben muscle, the 
general muscle force equation is [30]:  
𝐹𝑖𝑑𝑒𝑎𝑙 = (𝜋𝑟0
2)𝑃[𝑎(1 − ℇ)2 − 𝑏)]  (5) 
 
Here, 𝑟0 is the braid cylinder initial radius, 𝑃 is the applied 
pressure, ℇ is the actuation strain, 𝛼0 is the initial braid angle, 
𝑎 = 3 𝑡𝑎𝑛2⁄ 𝛼0 and 𝑏 = 1 𝑠𝑖𝑛
2⁄ 𝛼0. The maximum or blocked 
force that the muscle will produce when ℇ = 0, and the free 
strain is achieved when no force is generated. For these two 
cases, Eq. (5) can be deduced as:  
  
𝐹𝑏𝑙𝑜𝑐𝑘𝑒𝑑 = (𝜋𝑟0
2)𝑃(𝑎 − 𝑏)   (6) 
ℇ𝑓𝑟𝑒𝑒 = 1 − [1 (√3𝑐𝑜𝑠⁄ 𝛼0)]   (7) 
 
Experimentally measured blocked forces were used to 
determine ideal pressures from Eq. (6) for the GFMs made of 
1.5, 1.7, 2.1, and 2.5 w/v% NIPAAm concentrations.  These 
calculations used initial diameter and braid angles at 60°C of 
8.4 mm and 47.1°, respectively. These calculated pressures are 
shown in Figure 9 to increase approximately linearly with an 
increase in the NIPAAm concentration. 
Additionally, the pressure expected due to the volume 
change of gel beads can be calculated from the bulk modulus 
(𝐵) of each type of gel beads and the change in gel volume 




     (8) 
Here the fractional change in volume is for gel beads 
compressed at 5oC to their original 60oC diameter. 𝐵 =
𝐸 [3(1 − 2𝜈)]⁄ ; 𝐸 is Young’s modulus and 𝜈 is the Poisson’s 
ratio. Bulk moduli of the gels were calculated from 
corresponding Young’s moduli in the final state at 5°C, and a 
typical Poisson’s ratio (~0.48) reported elsewhere for 
NIPAAm gels at temperatures lower than the LCST [32]. The 
pressures determined from the bead volume change and bulk 
moduli are also included in Figure 9. These calculated 
pressures show an apparent maximum pressure generated at a 
PNIPAAm concentration of 2% (w/v) which is in contrast to 
the steady increase in pressure with PNIPAAm concentration 
for pressures calculated from the blocked force. However, it 
should be noted that pressures calculated from the bulk moduli 
and swelling ratio are very sensitive to the Poisson’s ratio and 
any trend shown in Figure 9 should be treated with caution. 
Despite this anomaly, it is clear that the absolute values of 
pressure obtained using both calculation methods are in 
reasonable agreement. It is, therefore, possible to make 
approximate predictions of GFM performance based on the 
swelling ratio and swollen-state modulus of the gel. 
 
Figure 9. Comparison of calculated pressure results of GFMs in 
terms of different NIPAAm concentrations. The pressures were 
calculated for each GFM from both the measured blocked force 
(Measured) and the change in volume and moduli (Expected). 
Actuation results obtained from GFM were further 
compared to the actuation performance that is ideally expected 
from a typical pneumatic muscle having a similar dimension. 
When subjected to a similar internal pressure (approx.130 
kPa) as generated by the actuated gel beads, the blocked force 
and free strain of the ideal pneumatic muscle is calculated as 
5.19 N and 15.2%, respectively, from Eq. (6) and (7). The 
blocked forces are similar, but the strain prediction is much 
higher than 7.66% strain obtained from GFMs. It is usual to 
see smaller strains in under-inflated McKibben muscles. The 
theory is an ideal case and assumes that any internal pressure 
will generate the full strain predicted from Eq. (7). However, 
in real systems the braid friction and bladder’s resistance to 
expansion mean that the strain is lower than ideal. Pneumatic 
McKibben muscles of a similar size to those used in this study 
typically generate strains of ~30% and blocked forces of 100N 
[30], however, these systems also use pressures of up to 500 
kPa that are much larger than demonstrated here from gel 
swelling.  
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4. Conclusions 
A novel concept of hydrogel bead-filled braided muscle 
(GFM) has been demonstrated where the muscle was prepared 
by impregnating ionic-covalent entanglement hydrogel beads 
into the commercial braided sleeve. The beads are composed 
of alginate biopolymer and PNIPAAm, and the volume 
transition of the hydrogel beads was significant when the 
beads were equilibrated in water at temperatures above and 
below the LCST. A new actuation test method has also been 
introduced by connecting a tensile spring with the muscle in 
series. Fundamental characteristics (such as free stroke, 
blocked force, muscle stiffness, etc.) of linear muscles can be 
evaluated in a one-step process by using this method. A 
comprehensive study of enhancing muscle performance was 
conducted by altering the gel concentration, and the free strain 
and blocked force of the GFM have been found as high as 
7.66% and 5.14 N, respectively, when cooled at 8°C with 
complete reversibility when heated at 60°C. Theoretical 
understanding of the blocked force generated from GFMs has 
been achieved by calculating the pressure generation of the 
swelling gel and further compared with the pressure expected 
from the volume increase of the gel beads. Reasonable 
agreement has been found in between the theoretical and 
experimental results and the analysis highlights the limited 
pressure available from the ICE gels used in the present study. 
Response time, due to the diffusion properties of the 
hydrogel, still appears to be the limiting factor of the actuator 
design. However, the study on water-immersed actuation 
indicates that these muscles can be manipulated for 
constructing fluidic valve, hygroscopic smart textiles, and 
portable mass-lifter to be operated in aqueous media that is 
subjected to temperature fluctuation. It was also found that this 
muscle could be useful as a real-world actuator system without 
requiring preconditioning (training cycles) that is a 
noteworthy downside among other polymer artificial muscles. 
Further study to improve the response time such hydrogel 
based McKibben muscle is underway that considers different 
gel composition, gel geometry, braid construction, and braid 
geometry.  
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